. Interferon-␥ activates transcription of NADPH oxidase 1 gene and upregulates production of superoxide anion by human large intestinal epithelial cells.
signal transducer and activator of transcription 1; ␥-activated sequence; host defense REACTIVE OXYGEN SPECIES (ROS) derived from the NADPH oxidase (Nox)/dual oxidase (Duox) family are suggested to regulate a variety of physiological and pathological processes (15, 27, 28) . Among these family members, Nox1 is expressed predominantly in large intestinal epithelial cells (42) and conserves the structural domains common to the catalytic core of phagocyte NADPH oxidase (gp91 phox , renamed Nox2), including the binding sites for heme, flavin, and NADPH. Nox1 requires activator 1 (NOXA1), organizer 1 (NOXO1) (3, 14, 45) , p22
phox (1) , and small GTPase Rac1 (20, 37) for full activation of its O 2 Ϫ -producing capability. This homolog is now recognized as an inducible O 2 Ϫ -producing enzyme; interferon (IFN)-␥ (13), 1␣,25-dihydroxyvitamin D 3 (13) , or bacterial flagellin (21) induces Nox1 in large intestinal epithelium, and angiotensin II (48) , prostaglandin F 2␣ (18) , or platelet-derived growth factor (18) stimulates the induction in vascular smooth muscle cells. ROS derived from the activated Nox1 regulate cell growth (2) , vascular tone (29) , host defense (13, 15, 21, 22) , and probably transformation (6, 34, 42) . However, the regulatory mechanisms for the Nox1 gene transcription remain to be elucidated.
Colon cancer cell lines (T84 and Caco-2 cells) respond to IFN-␥ and increase the Nox1 mRNA expression (13) . IFN-␥ is a principal proinflammatory cytokine that modulates both innate and adaptive immunities and plays an important role in the pathogenesis of inflammatory diseases, including inflammatory bowel diseases (4) . IFN-␥ signaling involves the types I and II IFN receptors, the receptor-associated Janus protein tyrosine kinases (JAKs), the signal transducers and activators of transcription (STATs), and members of the interferon regulatory factor (IRF) family of transcription factors (30) . Ligand-induced oligomerization of the IFN receptor subunits triggers the phosphorylation and activation of JAK1 and JAK2. The activated JAKs phosphorylate the receptor on specific tyrosine residues, thereby recruiting the latent cytosolic transcription factor STAT1. Receptorbound STAT1 is activated by phosphorylation of tyrosine-701 by the JAKs as a prerequisite for dimerization. STAT1 homodimers translocate into the nucleus, bind to the ␥-activated sequence (GAS) element of IFN-␥-responsive genes, and drive transcription of the genes (7) .
IFN-␥ is a crucial regulator for transcription of the Nox2 gene (CYBB) in myeloid cells (9 -11, 17, 32) . Several transcription factors participate in the activity of the Nox2 gene promoter, which include CCAAT displacement protein (CDP) (5, 32, 41) , CCAAT-binding protein-1 (CP1) (11, 32) , yin yang 1 (YY1) (17) , nuclear factor-Y (17), IRF-1, and IRF-2 (11, 26, 32, 33) . Moreover, a member of the Ets family, PU.1, is the most important regulator specific for hematopoietic lineages (9, 10, 43) . PU.1 interacts with IRF-1, IFN consensus sequence-binding protein (ICSBP), and cAMP-responsive element-binding protein (CREB)-binding protein (CBP) (9, 10) . IFN-␥ induces the binding of PU.1 to the Nox2 promoter and stimulates this gene's expression (9, 10, 19, 43) . At the same time, STAT1 and IRF-1 together promote the IFN-␥-induced transcription of the CYBB gene (26) .
In contrast to Nox2, which is expressed only in myeloid cells, Nox1 has a broad tissue distribution. Consequently, various trans factors and cis elements regulate Nox1 gene transcription, depending on the particular cell type-and tissue-specific agonists involved. In this study, we present data indicating that STAT1 and the GAS element in the human Nox1 promoter play a critical role in the IFN-␥-dependent transcription of Nox1 in human large intestinal epithelial cells.
MATERIALS AND METHODS
RT-PCR, real-time PCR, and Northern hybridization. T84 cells were cultured in Dulbecco's modified Eagle's medium (DMEM)-Ham's F-12 (1:1) medium (GIBCO, Grand Island, NY) containing 5% fetal bovine serum (FBS), 100 U/ml penicillin G, and 100 g/ml streptomycin. Total RNA was extracted from these cells, human embryonic kidney (HEK)-293 cells, and human peripheral blood leukocytes prepared as previously described (22) , using an acid guanidium-thiocynate-phenol chloroform mixture (46) . RT-PCR was performed using the following specific PCR primer sets: Nox3, 5Ј-ACTGCCCTGACAGATGATTT-3Ј and 5Ј-CCTGCTCACT-CATCCGTGTT-3, and Nox5, 5Ј-AACTTCTGGAAGTGGCT-GCT-3Ј and 5Ј-AGGAGCACTGCTGATGGTGA-3Ј. The primer sets Blots at bottom show representative results in 4 independent experiments. E and F: total RNA was also extracted from the cells treated with 1,000 U/ml IFN-␥ for the indicated hours in the absence or presence of 5 M actinomycin D. The levels of Nox1 and GAPDH mRNA were measured using real time-PCR (E) or Northern hybridization (F). The change in Nox1 mRNA levels after the treatment was normalized to the amount of GAPDH mRNA. Values in E are means (SD), n ϭ 4. #P Ͻ 0.01, significantly increased compared with untreated control cells (ANOVA and Scheffé's test).
for Nox1, Nox2, Nox4, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were described previously (21) . PCR was performed with the following sequential reactions: 94°C for 1 min, 55°C for 1 min, and 72°C for 2 min. Amplified PCR products were subcloned into TOPO 2.1 vector with the use of a TOPO TA cloning kit (Invitrogen, Carlsbad, CA). Each product was then sequenced to be the corresponding cDNA fragment. Levels of Nox1 and Nox3 mRNA were also measured using quantitative real-time PCR. Specific primers and probes for Nox1 (ABI Hs00246598), Nox3 (ABI Hs00210462), and GAPDH (ABI Hs99999905) were designed using the Primer Express program (Applied Biosystems, Foster City, CA). cDNA was generated from 1 g of total RNA with Multiscribe reverse transcriptase (Applied Biosystems) using oligo(dT)/hexamer primers. Quantitative PCR was performed using the ABI 7500 (Applied Biosystems). Data were normalized for the amount of GAPDH mRNA.
Twenty micrograms of total RNA from T84 cells were run on a 1% agarose-formaldehyde gel and transferred to a nylon membrane (Hybond-N; Amersham Pharmacia, Piscataway, NJ). Membrane-bound RNA were then hybridized to a [␣-
32 P]deoxycytidine triphosphatelabeled cDNA probe for human Nox1 as previously described (20) .
Immunoblot analysis. Membrane proteins were prepared from T84 cells as previously described (21) , and the level of Nox1 in the membrane fraction was measured using immunoblot analysis with a polyclonal antibody against the 544 -556 amino acid residues of human Nox1 (21) . Whole cell extracts were also prepared from cultured cells as described previously (47) . To measure protein levels of NOXA1 and NOXO1, we prepared polyclonal anti-NOXA1 and anti-NOXO1 antibodies by immunizing rabbits with synthetic polypeptides corresponding to the 458 -476 amino acid residues of human NOXA1 (GenBank accession no. AY255769) and the 348 -362 amino acid residues of human NOXO1 (GenBank accession no. AY225768), respectively. NOXA1 and NOXO1 levels were measured by immunoblot analysis with these antibodies at a dilution of 1:1,000. Lamin A/C protein was measured using a 1:1,000 dilution of anti-lamin A/C antibody (Santa Cruz Biotechnology, Santa Cruz, CA) and a 1:5,000 dilution of horseradish peroxidase-conjugated anti-mouse IgG antibody (Amersham Pharmacia).
To assay phosphorylation of STAT1, we lysed cells in a lysis buffer (50 mM Tris ⅐ HCl, pH 8.0, containing 150 mM NaCl, 5 mM EDTA, 1% Nonidet P-40, 1 mM NaF, and 1 mM Na 3VO4) supplemented with protease inhibitor (4 mM PMSF and 10 mM leupeptin). Cell lysates were centrifuged at 12,000 g for 10 min at 4°C, and the supernatant (30 g of protein) was separated by SDS-PAGE using an 8% polyacrylamide gel and transferred onto a polyvinylidene difluoride membrane. After nonspecific binding sites were blocked with 4% purified milk casein, the filter was incubated for 1 h at room temperature with anti-phospho-STAT1 (tyrosine-701) antibody (Cell Signaling Technology, Beverly, MA) at a 1:1,000 dilution. After being washed with phosphate-buffered saline containing 0.05% (vol/vol) Tween 20, bound antibodies were detected using an enhanced chemiluminescence Western blotting detection system (Amersham Pharmacia). After bound antibodies were removed, the membrane was reblotted using an anti-␤-actin antibody as previously described (21) .
RNA interference. Small interfering RNA (siRNA) duplexes, which correspond to nucleotides 1,381-1,399 from the translation start site of the human Nox1 mRNA and nucleotides 608 -630 of the start site of the human lamin A/C mRNA (12), were purchased from B-Bridge International (Sunnyvale, CA). These sequences are not present in any other known mRNA according to BLAST analysis. T84 cells were plated at a concentration of 5 ϫ 10 5 cells/well in 24-well culture plates and transfected with siPORT lipid (Ambion, Austin, TX) according to the manufacturer's protocol. After transfection, cells were treated with 1,000 U/ml IFN-␥ for 8 h. The rate of O 2 Ϫ release from the cells stimulated by phorbol 12-myristate 13-acetate (PMA; Sigma Chemical, St. Louis, MO) at a final concentration of 200 ng/ml was measured using the superoxide dismutase (SOD)-inhibitable reduction of cytochrome c (21) .
Nox1 promoter constructs. A genomic DNA library was prepared from T84 cells, and the region between Ϫ4,831 and ϩ195 bp of the human Nox1 gene was amplified using the following primer set: 5Ј-AGATCTCAATGTTGGAGTATATTTAA-3Ј (forward) and 5Ј-AAGCTTGGTTTGGAGCCCTTCTAGGC-3Ј (reverse); BglII and HindIII restriction sites in the forward and reverse primers, respectively, are underlined. The amplified product was used as a template to generate the shorter region between Ϫ1,946 and ϩ195, Ϫ1,117 and ϩ195, or Ϫ327 and ϩ195 bp with the same reverse primer used to amplify the fragment from Ϫ4,831 to ϩ195 bp and one of the following forward primers: 5Ј-AGATCTTGAAGGTTGCAGT-GAAGGGAGATC-3Ј for Ϫ1,946 to ϩ195 bp, 5Ј-AGATCTATAT- and Nox organizer 1 (NOXO1) levels. Whole cell proteins were prepared from T84 cells after treatment with 1,000 U/ml IFN-␥ for the indicated hours, and the levels of NOXA1 (A) and NOXO1 (B) were measured using immunoblotting with anti-NOXA1 and anti-NOXO1 antibodies, respectively. To assess the specificity of each antibody correctly, COS-7 cells were transfected with full-length NOXA1 and NOXO1 cDNA as previously described (21) . Whole cell proteins were prepared from these cells and subjected to immunoblotting. A 50 molar excess amount of the corresponding antigen peptide (Ag) completely absorbed the immunoreactivity of NOXA1 (C) or NOXO1 (D).
GTGTGACATTTGATCAACATT-3Ј for Ϫ1,117 to ϩ195 bp, or 5Ј-AGATCTTTCTGAGCTAGCCAGGCTGAA-3Ј for Ϫ327 to ϩ195 bp. The amplified products of the segments from Ϫ4,831 to ϩ195, Ϫ1,946 to ϩ195, Ϫ1,117 to ϩ195, and Ϫ327 to ϩ195 bp were ligated into a pGL3 basic vector (Promega, Madison, WI) (indicated as pGL-4831, pGL-1946, pGL-1117, and pGL-327, respectively). A mutant of GAS (indicated as pGL-4831GASmt) with a three-point mutation (Ϫ3,818 TCCAAGGGA Ϫ3,810) was prepared from pGL-4831 by PCR using a respective mutated primer.
The minimum promoter region of the herpes simplex virus-thymidine kinase (TK) gene was fused to a luciferase reporter gene of the pGL3 basic (pGL TK) vector (44) . To identify functional IFN-␥-responsive elements in the Nox1 5Ј-flank, fragments from Ϫ4,331 to Ϫ2,552, Ϫ3,120 to Ϫ2,552, Ϫ4,331 to Ϫ3,645, Ϫ3,969 to Ϫ2,552, and Ϫ3,969 to Ϫ3,645 bp of the Nox1 gene were generated by performing PCR using the following primer sets: Ϫ4,331 to Ϫ2,552 bp, 5Ј-GGTACCCAACCTAAAGTGTGTTACTTTAGA-3Ј (forward) and 5Ј-AAGCTTGCAGTGGTGCAATCTCGGCTCACTGCA-3Ј (reverse); Ϫ3,120 to Ϫ2,552 bp, 5Ј-GGTACCGGAGGCAGACGTTGCAGTA-AGCCA-3Ј (forward) and 5Ј-AAGCTTGCAGTGGTGCAATCTCG-GCTCACTGCA-3Ј (reverse); Ϫ4,331 to Ϫ3,645 bp, 5Ј-GGTAC-CCAACCTAAAGTGTGTTACTTTAGA-3Ј (forward) and 5Ј-AAGCTTGAGTATAGCGCAATGCACAGCACAT-3Ј (reverse); Ϫ3,969 to Ϫ2,552 bp, 5Ј-GGTACCGGAGTGGCCATGAGCATT-TCTGGA-3Ј (forward) and 5Ј-AAGCTTGCAGTGGTGCAATC-TCGGCTCACTGCA-3Ј (reverse); and Ϫ3,969 to Ϫ3,645 bp, 5Ј-GGTACCGGAGTGGCCATGAGCATTTCTGGA-3Ј (forward) and 5Ј-AAGCTTGAGTATAGCGCAATGCACAGCACAT-3Ј (reverse); Kpn1 and HindIII restriction sites in the forward and reverse primers, respectively, are underlined. All constructs were confirmed to be the corresponding fragments on the basis of DNA sequencing. These truncated fragments were subcloned into the pGL TK vector and indicated as pGL TK Ϫ4,331/Ϫ2,552, pGL TK Ϫ3,120/Ϫ2,552, pGL TK Ϫ4,331/Ϫ3,645, pGL TK Ϫ3,969/Ϫ2,552, and pGL TK Ϫ3,969/ Ϫ3,645, respectively.
We also generated the pGL TK vector containing the wild-type and mutated GAS elements. Double-stranded synthetic oligonucleotides for the wild-type (sense, 5Ј-CAATGGCTTCCAGGAAAACTCCGG-TAC-3Ј; antisense, 5Ј-CGGAGTTTTCCTGGAAGCCATTGGTAC-3Ј) and mutated GAS (sense, 5Ј-CAATGGCTCCAAGGGAAACTC-CGGTAC-3Ј; antisense, 5Ј-CGGAGTTTCCCTTGGAGCCATTGG-TAC-3Ј) elements were annealed and subcloned into the pGL TK vector with Kpn1 restriction sites (underlined).
Transient transfection and luciferase assay. Plasmid vectors for transfection were purified using a GenoPure plasmid midi kit (Roche Molecular Biochemicals). T84 cells (5 ϫ 10 5 ) growing in 35-mmdiameter plastic culture dishes were transiently cotransfected with 1 g of luciferase reporter vector and 1 g of pCMV-␤ plasmid (Clontech, Palo Alto, CA) using FuGene 6 transfection reagents (Roche Molecular Biochemicals) according to the manufacturer's instructions. Thirty-two hours after transfection, the cells were treated with human recombinant IFN-␥ (1,000 U/ml) for 6 h. Luciferase activity in the cells was measured using the Picagene luciferase assay kit (Toyo Ink, Tokyo, Japan) for 15 s with a luminometer. ␤-Galactosidase activity was measured to standardize the transfection efficiency. Promoter activity of each construct was expressed as a ratio of luciferase to ␤-galactosidase activity.
Electrophoretic mobility shift assay. Nuclear proteins were prepared from T84 cells as previously described (39) . A double-stranded oligonucleotide for the GAS consensus binding site (Ϫ3,824 to Ϫ3,804 bp, AATGGCTTCCAGGAAAACTCC) was radiolabeled by filling in a 5Ј overhang with [␣-
32 P]deoxycytidine 5Ј-triphosphate and Klenow fragment (New England Biolabs, Beverly, MA) and then purified using a QIAquick nucleotide removal kit (Qiagen, Chatsworth, CA). A mutated probe for the GAS site (GASmt; AATG-GCTCCAAGGGAAACTCC) was used as a non-self-competitor. Protein-DNA binding reactions were performed with 5 g of nuclear extract protein, 1 l of 32 P-labeled oligonucleotide (10,000 cpm), 1.5 g of poly(dI-dC) ⅐ poly(dI-dC) in 10 mM Tris ⅐ HCl (pH 7.9), 50 mM NaCl, 5 mM MgCl2, 10 mM EDTA, 10 mM DTT, and 20% glycerol in a final volume of 10 l. After being incubated at room temperature Ϫ generation by the cells was measured as described in the legend to Fig. 1 (G and H, top) . Values are means (SD), n ϭ 8. #P Ͻ 0.05, significantly increased compared with untreated control cells (ANOVA and Scheffé's test). *P Ͻ 0.05, significantly decreased compared with IFN-␥-stimulated Nox1 siRNA-untreated cells. At the same time, membrane proteins were prepared from these cells, and the levels of Nox1, ␤-actin, and lamin A/C were measured using immunoblotting (G and H, bottom) . Similar results were obtained in 3 independent experiments. for 30 min, protein-DNA complexes were resolved on a 5% nondenaturing polyacrylamide gel in 0.5ϫ Tris-borate-EDTA buffer at 4°C. The dried gel was exported to X-ray film (Kodak, Rochester, NY). For self-competition experiments, the nuclear protein was incubated with the unlabeled double-stranded oligonucleotide for 20 min at room temperature before addition of the 32 P-labeled probe. Antibody perturbation experiments were performed by preincubating nuclear proteins with 1 g of anti-STAT1 9H2 monoclonal antibody for 30 min at 4°C before adding the 32 P-labeled probe.
RESULTS

Induction of Nox1 after treatment with IFN-␥ in cultured large intestinal epithelial cells. T84 cells were treated with different concentrations of IFN-␥ for 12 h, and the rates of PMA-stimulated O 2
Ϫ production and Nox1 induction were measured. As shown in Fig. 1A , 100 U/ml or higher concentrations of IFN-␥ elicited a significant increase in PMA- . The blots were subsequently stripped and sequentially reprobed using an anti-STAT1 antibody (STAT1) and then an anti-␤ actin antibody. B: nuclear proteins were extracted from T84 cells treated without or with 1,000 U/ml IFN-␥. Binding reactions between 5 g of protein of the nuclear extract and 10,000 cpm of 32 P-labeled doublestranded oligonucleotide encoding the GAS were examined in the absence or presence of an excess of unlabeled GAS oligonucleotide (ϩ, 50-fold; ϩϩ, 100-fold; ϩϩϩ, 150-fold excess) or a 150-fold molar excess of mutated GAS oligonucleotide (mt). C: nuclear extracts were preincubated with anti-STAT1 antibody (ϩ, 1:25; ϩϩ, 1:50) for 1 h on ice before the 32 P-labeled probe was added. Arrowhead indicates the supershifted DNAprotein complex. D: T84 cells were treated with 1,000 U/ml IFN-␥ for 1, 2, 4, or 8 h. Nuclear proteins were prepared from these cells and used in an electrophoretic mobility shift assay.
stimulated O 2
Ϫ generation by the cells in association with elevation of the Nox1 protein level (Fig. 1C) . In response to 1,000 U/ml IFN-␥, the cells upregulated O 2 Ϫ production within 8 h (Fig. 1B) , coinciding with the induction of Nox1 protein (Fig. 1D) . Real-time PCR demonstrated that T84 cells increased the Nox1 mRNA level within 4 h of IFN-␥ treatment, and the level continued to be elevated for 12-24 h (Fig. 1E) , with these results being confirmed by Northern hybridization (Fig. 1F) . Inclusion of actinomycin D completely blocked the IFN-␥-stimulated Nox1 mRNA expression (Fig. 1F) .
IFN-␥ did not change the level of mRNA for p22 phox , NOXA1, or Rac1 (data not shown), each of which is constitutively expressed by T84 cells (21) . We further examined the effects of IFN-␥ on the levels of NOXA1 and NOXO1 proteins. IFN-␥ did not change the NOXA1 level ( Fig. 2A) , whereas it induced a small amount of NOXO1 protein (Fig.  2B) . To correctly assess the specificity of the antibody against NOXA1 or NOXO1, we overexpressed these two proteins in COS-7 cells (21) . Using these cells as a positive control, we confirmed the specificity of anti-NOXA1 (Fig. 2C) or anti-NOXO1 antibody (Fig. 2D) by performing the absorption test with the corresponding antigen peptide.
We also examined the effect of IFN-␥ on expression of the other Nox protein family members. T84 cells did not constitutively express mRNA for Nox2 (Fig. 3A) , Nox4 (Fig. 3B) , and Nox5 (Fig. 3C) , and they did not do so after IFN-␥ stimulation. Although the Nox3 mRNA could be amplified by performing RT-PCR at 35 cycles (Fig. 3D) , real-time PCR showed that the transcript level remained at lower levels after treatment with IFN-␥ (Fig. 3E) .
To confirm that Nox1 is an O 2 Ϫ -producing enzyme responsible for the priming effect of IFN-␥, we introduced human Nox1-specific siRNA into T84 cells and measured Nox1 level and PMA-stimulated O 2 Ϫ generation using T84 cells transfected with lamin A/C siRNA as a control. T84 cells were transfected with different concentrations of Nox1 siRNA for 48 h and then stimulated by IFN-␥ for 8 h. As shown in Fig.  3F , 0.1 nM or higher concentrations of Nox1 siRNA dose dependently blocked IFN-␥-stimulated Nox1 mRNA expression, and 10 nM Nox1 siRNA almost completely blocked IFN-␥-stimulated induction of Nox1 protein and upregulation of O 2 Ϫ production (Fig. 3G) . The cells transfected with Nox1 siRNA did not affect the level of lamin A/C protein, and lamin A/C siRNA reduced its protein level without affecting constitutive and IFN-␥-inducible levels of Nox1 (Fig. 3H) . Together, these results suggest that transcriptional activation of the Nox1 gene may be crucial for the priming effect of IFN-␥ on O 2 Ϫ generation in large intestinal epithelial cells. To determine the mechanism for this transactivation, we examined IFN-␥-responsive elements in the Nox1 gene.
Identification of IFN-␥-responsive region in human Nox1 gene. The sequence of the cloned Nox1 gene (Ϫ4,831 to ϩ195 bp, listed in Fig. 3 ) is 99.9% identical to that registered in the GenBank database (accession no. Z83819). Common consensus sequences of IFN-␥-responsive elements are conserved, and a S1 nuclease protection assay confirmed the transcription start site as indicated in Fig. 4 and as previously reported (42) . Therefore, we used the cloned 5Ј-flank in the following experiments.
The pGL3 basic luciferase reporter vector containing 1,117-and 1,946-bp proximal promoter regions of the gene, but not a 327-bp region, exhibited basal promoter activity (2-to 3-fold activation). Database searches revealed that the 5Ј-flank up to Ϫ1,946 bp contains no common consensus binding sites for known transcription factors responsive to IFN-␥. In fact, these fragments did not respond to IFN-␥ (Fig. 5, top) . We next focused on the more distal 5Ј-flanking region (Ϫ4.3 to Ϫ2.5 kb), in which binding elements for IRF-1, STAT1, and putative STAT1 coactivators, such as AP1, nuclear factor (NF)-B, CREB, and CBP/p300 are present (Fig. 4) . The full length of the cloned Nox1 5Ј-flanking region (Ϫ4,831 to ϩ195 bp) transfected in T84 cells responded to IFN-␥ and exhibited significant promoter activity (Fig. 5, top) .
On the basis of the above findings, a truncated fragment containing binding sites for IRF-1, STAT1, and NF-B (Ϫ2,552 to Ϫ4,331 bp) was generated, and T84 cells were transfected with the reporter vector encoding this fragment. As shown in Fig. 5 , bottom, the putative promoter region between Ϫ4,331 and Ϫ2,552 bp contains two IFN-␥-responsive stimulated elements (IRSE) at the positions Ϫ4,115 to Ϫ4,103 bp Fig. 7 . Involvement of GAS element in IFN-␥-dependent Nox1 promoter activity. A: the GAS sequence (AATGGCTTCCAG-GAAAACTCC) or mutated GAS sequence (AATGGCTCCAAGGGAAACTCC) was subcloned into the pGL TK vector (pGLTK GAS or pGLTK GAS mt, respectively). After cotransfection of these plasmids with pCMV-␤ plasmid, T84 cells were treated without (open bars) or with 1,000 U/ml IFN-␥ (solid bars) for 6 h and then subjected to the luciferase assay as described in the legend to Fig. 5 . B: T84 cells were transfected with the segment from Ϫ4,831 to ϩ195 bp of the Nox1 gene (pGL-4831), the construct carrying the mutated GAS sequence (pGL-4831 GASmt), or pCMV-␤ plasmid. The mutated nucleotides are underlined. These cells were incubated without (open bars) or with 1,000 U/ml IFN-␥ (solid bars) for 6 h and then subjected to the luciferase assay. Values are means (SD) from 3 independent experiments.
(IRSE1) and Ϫ2,704 to Ϫ2,691 bp (IRSE2) and one GAS between Ϫ3,818 and Ϫ3,810 bp. IFN-␥ significantly activated the putative Nox1 promoter (pGL TK Ϫ4,331/Ϫ2,552). The removal of IRSE1 and GAS elements (pGL TK Ϫ3,120/ Ϫ2,552) abolished the IFN-␥-dependent promoter activity, whereas the fragment containing IRSE1 and GAS exhibited full promoter activity. The deletion of IRSE1 (pGL TK Ϫ3,969/Ϫ2,552) did not modify the full activity. Finally, we found that the region between Ϫ3,969 and Ϫ3,645 bp possessed the full promoter activity stimulated by IFN-␥ (Fig. 5,  bottom) .
Interaction between STAT1 and GAS. Phosphorylation of STAT1 at tyrosine-701 is an early and critical event for STAT1-mediated transactivation of IFN-␥-responsive genes. The transcriptional activity is enhanced by the phosphorylation of serine-727 (30) . Stimulation of T84 cells by IFN-␥ caused tyrosine phosphorylation of STAT1 (Fig. 6A) . A JAK-2 tyrosine kinase inhibitor, AG490 (23), significantly inhibited the tyrosine phosphorylation (Fig. 6A) .
To determine whether the GAS consensus sequence (TTC-CAGGAA) located at Ϫ3,818 and Ϫ3,810 bp in the 5Ј-flanking region was able to interact with STAT1, we synthesized a 21-bp double-stranded oligonucleotide (Ϫ3,824 to Ϫ3,804 bp; AATGGCTTCCAGGAAAACTCC) and used it as a probe for electrophoretic mobility shift assay. As shown in Fig. 6B , IFN-␥ generated a complex that was not found in cell lysates from cells not treated with IFN-␥. Unlabeled selfoligonucleotide, but not the mutated GAS oligonucleotide (AATGGCTCCAAGGGAAACTCC), competed for formation of this complex. Moreover, preincubation with an anti-STAT1 antibody, but not mouse IgG, supershifted this band and produced a more slowly migrated band (Fig. 6C) . Together, these results indicate that IFN-␥ produces an interaction between activated STAT1 and GAS present in the 5Ј-flanking region of the human Nox1 gene. After stimulation by IFN-␥, the STAT1-GAS complex appeared within 1 h and continued to be present until 4 h (Fig. 6D) .
Involvement of GAS element in IFN-␥-dependent Nox1 promoter activity.
To examine whether the GAS element exhibits IFN-␥-stimulated promoter activity, we transfected T84 cells with the reporter plasmid encoding the construct from Ϫ3,824 to Ϫ3,804 bp (pGL TK GAS) or the mutated GAS construct (AATGGCTCCAAGGGAAACTCC) and compared the luciferase activity of each construct with that of the pGL TK vector alone as the control (Fig. 7A ). The GAS element exerted the IFN-␥-dependent promoter activity, whereas the mutated GAS did not (Fig. 7A) . Furthermore, the mutated GAS nearly abolished the IFN-␥-dependent activity of the full length of the cloned Nox1 promoter (Ϫ4,831 to ϩ195 bp) (Fig. 7B) . These results indicate that STAT1 and GAS may play a crucial role in transcription of the Nox1 gene in response to IFN-␥.
Effect of AG490 on IFN-␥-induced transcription of Nox1 gene. We further examined the crucial role of STAT1 in the IFN-␥-stimulated upregulation of O 2 Ϫ production by T84 cells. Pretreatment with AG490 for 1 h blocked the priming effect of IFN-␥ for enhanced O 2 Ϫ generation (Fig. 8A) and induction of the Nox1 mRNA expression (Fig. 8B ) in a dose-dependent fashion. To examine the effects of AG490 on the IFN-␥-stimulated Nox1 promoter activity, we transfected T84 cells with the full reporter construct (pGL-4831), treated cells with 100 M AG490 for 1 h, and then stimulated them with IFN-␥ for 6 h. AG490 inhibited the phosphorylation of STAT1 (Fig. 6A ) and the IFN-␥-dependent Nox1 promoter activity (Fig. 8C) .
DISCUSSION
Produced by activated T lymphocytes and natural killer cells, IFN-␥ has a major role in host defense against microbial Ϫ generation in response to Helicobacter pylori lipopolysaccharide (LPS), signaling through Toll-like receptor 4 (TLR4) (22, 46, 47) . This increased oxidase activity reflects the action of LPS on several targets, including activation of Rac1 and transcription of Nox1 and its organizer, NOXO1 (20) . In contrast, large intestinal epithelial cells preferentially use TLR5 for augmentation of Nox1-mediated O 2 Ϫ production (21). The rate of O 2 Ϫ generation by IFN-␥-treated T84 cells accounts for only 0.5 and 5% of those by human neutrophils and macrophage colonystimulating factor-activated mouse peritoneal macrophages (47), respectively. The amount is not enough to kill microorganisms directly, but it is enough to enhance proinflammatory cytokine production of the large intestinal epithelial cells (21) . Thus Nox1 may constitute the early responses of epithelial cells against pathogens as part of local host defense. Geiszt et al. (13) suggested that Nox1 may be functionally similar to Nox2 and appears to replace Nox2 in the regulated production of O 2 Ϫ . The evidence that IFN-␥ can stimulate induction of Nox1 in large intestinal epithelial cells further supports an important role in mucosal host defense. It is also probable that Nox1-derived ROS are involved in the initiation and/or potentiation of mucosal inflammation and inflammatory bowel diseases. Studies of patients and mouse models have revealed that Crohn's disease is driven by overproduction of interleukin (IL)-12, IFN-␥, and TNF-␣ (4). ROS derived from IFN-␥-activated Nox1 may be involved in the pathogenesis of T H 1-mediated inflammatory diseases such as Crohn's disease. At present, it is not known whether the IFN-␥-dependent activation of the Nox1 expression actually participates in mucosal host defense or inflammation. It is still possible that the findings reported in the present study may be restricted to cancer cell lines. Additional experiments are required to test the hypothesis.
The human Nox1 gene consists of 13 exons spanning ϳ31.49 kb of genomic DNA. IFN-␥ stimulates the transcription of both human Nox1 and Nox2 genes. However, the regulatory mechanism for the transcription of the Nox1 gene expressed in a wide variety of nonphagocytic cells should be distinct from that of the Nox2 gene dominantly expressed in myeloid cells. IFN-␥ has been proposed to regulate transcription of the Nox2 gene positively through at least three different pathways. First, BID/YY1 binds to the four binding sites in a region from Ϫ90 to Ϫ355 bp of the promoter after maturationdependent dissociation of the transcriptional repressor CCAAT box binding protein (11, 17, 32) . Second, IFN-␥ stimulates the binding of PU.1 or the complex hematopoietic associated factor-1 (HAF-1), consisting of PU.1, IRF-1, ICSBP, and CBP, to the PU.1/HAF-1-binding element centered at Ϫ53 bp of the promoter (7, 10, 43) . Finally, STAT1 associated with the GAS element at Ϫ100 bp of the promoter (7, 26).
The Nox1 promoter lacks the PU.1/HAF-1-binding element (PU box), the mutation of which results in chronic granulomatous disease (25, 35, 43) , and proximally (up to Ϫ2 kbp) does not contain any common binding sites for IFN-␥-responsive transcription factors, which has been supported experimentally by its failure to respond to this cytokine. Within the 5Ј-flanking region of the Nox1 promoter, between Ϫ4.3 and Ϫ2.5 kb, which contains several binding motives for IFN-␥-dependent transcription factors, we found that one GAS element located between Ϫ3,818 and Ϫ3,810 bp was crucial for the IFN-␥-induced transcription of the Nox1 gene. IFN-␥ caused tyrosine phosphorylation of STAT1 and formation of the STAT1-GAS complex. The mutation of GAS almost completely abrogated the IFN-␥-stimulated activation of the 4.8-kbp proximal promoter of the Nox1 gene. The importance of IFN-␥-JAK-STAT1 pathway was also confirmed using a JAK2 kinase inhibitor.
STAT1 binds to the transcriptional coactivators, such as CBP, p300, p300/CBP-cointegrator protein, minichromosome maintenance-5, N-Myc-interacting protein, and breast cancerassociated gene (8, 16, 24, 36, 49) . CBP and p300 serve as coactivators for many transcription factors (40) . STAT1 also cooperates with both general (specificity protein-1) and inducible transcription factors (AP1, NF-B) (31, 38) . Therefore, STAT1-dependent transcriptional activation of the Nox1 gene may require the recruitment of coactivators and cooperation with general transcription factors and the core transcriptional machinery. Furthermore, TLR ligands (21, 22) , IL-1␤, 1␣,25-dihydroxyvitamin D 3 (13) , angiotensin II (48) , and possibly other mediators are able to upregulate Nox1 expression in different types of cells. Therefore, multiple trans factors and cis elements may regulate transcription of the Nox1 gene, depending on the cell type as well as the particular agonist used. Further studies are likely to reveal multiple pathways for transactivation of the Nox1 gene closely paralleling the tissuespecific function of Nox1-derived ROS.
It is now recognized that ectopic expression of Nox1 alone in cultured cells does not result in O 2 Ϫ production and that the coexpression of NOXO1 and NOXA1 is necessary for generation of a large amount of O 2 Ϫ (3, 14, 21, 45) . In fact, IL-1␤ (data not shown) and flagellin from Salmonella enteritidis (21) induce Nox1 in T84 cells, whereas both factors neither induce NOXO1 nor upregulate O 2 Ϫ production. In contrast, IFN-␥ stimulates a small but significant induction of NOXO1 as well as Nox1. To understand the biological function of IFN-␥ in large intestinal epithelial cells, we are now studying the mechanism for IFN-␥-dependent transcription of the NOXO1 gene.
